ABSTRACT
INTRODUCTION
Breakdown and synthesis of cellular mRNA are major metabolic activities in living cells. RNA turnover provides the bacterial cells flexibility to change their composition to meet a changing environment. Stress makes RNA degradation faster. The sedimentation patterns of Escherichia colirRNA becomes abnormal within 20 min under stress conditions (10) . A variety of agents have been used to inactivate RNases, including diethyl pyrocarbonate (DEPC), urea, hot phenol, phenolchloroform, proteinase K, guanidine hydrochloride (GH), guanidine thiocyanate (GT) or their combination (14) . GT is an effective protein denaturant without affecting isolated RNA. Cox (6) first introduced GH to inactivate RNases. Guanidine extraction has become the conventional method of RNA purification. Ultracentrifugation of GT cell lysate through a cesium chloride cushion was described by Chirgwin (5) . Combining GT and phenol-chloroform extraction was described by Chomczynski et al. (4) . In spite of some reports of poor quality and degraded RNA isolated from certain tissues by GT methods and their unsuitability as a substrate for the reverse transcription (RT) reaction (3, 8) , the guanidine methods remain conventional for RNA isolation for most eukaryotes and mesophilic bacteria.
The RNA turnover rate is higher in thermophilic bacteria because of higher activity and greater stability of the RNases (2,16). Brown et al. (2) reported a 3-fold to 4-fold increase in the catalytic activity of Thermotoga maritima and Thermus aquaticus RNase in comparison to E. coli . The high RNA turnover rate of thermophiles makes it difficult to isolate full-length RNA. In addition, change of a culture from a thermophilic growth temperature to room temperature stresses the cells, resulting in an increased velocity in the RNA degradation process.
Mastigocladus laminosusis a thermophilic heterocystous cyanobacterium. During heterocyst formation, it forms extra layers of cell wall and is surrounded by a well-defined extracellular sheath (11) (12) (13) 15) . The outer membrane of M. laminosusis highly cross-linked to the cell wall (11) (12) (13) 15) . These characteristics cause difficulties in lysing these cells. To our knowledge, no previous results have been reported about the purification of full-length RNA from thermophilic cyanobacteria.
To isolate full-length RNA, we assayed the RNase activity of the cell lysate of M. laminosus in the presence of various inhibitors. Based on the assays, we developed a method to purify full-length RNA. This procedure can be done in 5 h without the cesium chloride gradient ultracentrifugation purification step with comparable or better yields and quality.
MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
M. laminosus UTEX 1931 was grown in B H medium at 45°C under nitrogen fixing conditions as described by Stevens et al. (15) for 4 days. E. coli was grown in LB medium overnight.
Preparation of M. laminosus Cell Lysate for RNase Activity and Inhibition Assays
Harvested M. laminosus cells (from 2 L of culture by centrifugation) were suspended in 15 mL of TE buffer (50 mM Tris, 100 mM EDTA, pH 7.5), passed through the French Press once at 20 000 psi then centrifuged in an SS-34 rotor (Sorvall, Newtown, CT, USA) at 10 000 rpm for 15 min. The supernatant was used as the cell lysate for M. laminosusRNase activity and inhibition assays.
Eight samples of lysate (5 µ L each) were treated for 20 min at room temperature with various concentrations of vanadyl-ribonucleoside complex (VRC) (10, 20 or 30 mM), GT (4 or 5.5 M with 1% 2-mercaptoethanol) or both VRC and GT, with or without adding phenol-chloroform-isoamyl alcohol (PCI) (25:24:1). Purified E. coli RNA (0.4 µ g) was added to each treated M. laminosuslysate, incubated at room temperature for 12 h before analysis on a 1% agarose gel at 5 V/cm for 2 h. When both VRC and GT were used, E. coli RNA was incubated with the lysate for 2 h.
Isolation of Total RNA from E. coli
A QIAGEN ® Total RNA Isolation Kit (Qiagen, Chatsworth, CA, USA) was used for the isolation of RNA from E. coli . This kit uses GT to denature the RNases in the lysate.
Isolation of Total RNA from M. laminosus
The following methods were used for isolation of total RNA from M. laminosus. Method 1: The Chomczynski and Sacchi method (4) and the QIA -GEN Total RNA Isolation Kit were used for the isolation of RNA with the Sho r t Technical Repo r t s modification of passing the cell culture through the French Press at 20 000 psi. Method 2:The method described by Golden et al. (7) and Lorimier et al. (9) using glass beads and PCI extraction was also used. Our modified method is: in a 3-L plastic beaker, 700 mL ethanol were cooled to -80°C. M. laminosus culture (2 L) was poured into the cold ethanol, and dry ice was added to keep it under -10°C. The cold culture was quickly filtered through a Fisher CS/12 R670 Filter (Fisher Scientific, Pittsburgh, PA, USA), upon which the cells were collected. The filter cake of cells was resuspended in 10 mL DEPCtreated 40% glycerol solution, which had been precooled to -20°C, and kept cool in a dry-ice-ethanol bath. The French Press cylinder was precooled in a -20°C freezer for 30 min. The cell suspension was run through the French Press at 20 000 psi and collected in a 50-mL polypropylene tube containing 
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5 mL of 90 mM VRC and 20 mL PCI, both of which were precooled in a dryice-ethanol bath. The cell lysate was vigorously vortex mixed three times at room temperature, for 4 min each and incubated in the dry-ice-ethanol bath for 1 min between vortexing. The contents were centrifuged in an SS-34 rotor at 5000 rpm for 10 min at 4°C. The supernatant was transferred into another polypropylene tube without disturbing the interface. The PCI extraction was repeated once followed by a chloroform-isoamyl (CI) alcohol (24:1) extraction. The RNA was precipitated with 1/2 vol of 8 M LiCl at -20°C for 50 min and centrifuged in an SS-34 rotor at 11 000 rpm for 30 min at 4°C. The pellet was resuspended in 1 mL of TE buffer. If excess pellet was observed, some proteins were probably co-precipitated with the RNA, and an additional PCI extraction and a final CI extraction were required. The RNA pellet was washed with 70% ethanol and centrifuged in a microcentrifuge at full speed for 5 min at 4°C. The RNA pellet was briefly dried in a SpeedVac ® (Savant Instruments, Holbrook, NY, USA) then suspended in 150 µ L of DEPCtreated water. Purity and concentration of the purified RNA was determined spectrophotometrically with an SLM Aminco DW-2000 Spectrophotometer (SLM Instruments, Urbana, IL, USA).
Agarose Gel and Northern Blot Analysis of Isolated RNA
Isolated M. laminosus RNA was denatured and analyzed on 1% denaturing agarose gels for 2 h as described by Ausubel et al. (1) . For Northern blot analysis, a biotinylated RNA (2.3 kb) containing nifHand the 5 ′ end of the nifD gene of M. laminosusderived from transcription of the pMLNIF-2.5 (GenBank ® Accession No. U49514) was used as the probe. The temperature for the stringency wash was 60°C. The biotinylated RNA probe was transcribed using T3 RNA Polymerase and detected with BioDetect ™Nonisotopic Detection Kit (both from Ambion, Austin, TX, USA).
RESULTS
The RNase in the M. laminosus lysate treated with different concentrations of GT with or without PCI treatment were not totally denatured or inhibited as they degraded the E. coli RNA ( Figure 1A ). The RNase in the M. laminosus lysate also was not inhibited by 10 and 20 mM VRC and only partially inhibited by 30 mM VRC ( Figure  1B) . PCI plus 30 mM VRC inhibited the RNase activity in the M. laminosus lysate to the greatest extent ( Figure  1B ). Several interesting phenomena were observed. The inhibitory effect of 4 M GT was surprisingly greater than that of 5.5 M when PCI was added ( Figure 1A ). The combination of VRC and GT was less effective than each alone ( Figure 1B) .
The M. laminosus RNA isolated by Method 1 (see Materials and Methods) using GT was degraded as shown in Figure 2 . A similar method using GT in the QIAGEN Total RNA Isolation Kit worked well for isolation of E. coli RNA. The l6S and 23S rRNA internal markers of the E. coli RNA were not degraded (Figure 1, A and B) . Method 2 (see Materials and Methods) did not yield any detectable amount of RNA from M. laminosus, since the cells were not broken by the blass beads (Figure 2) .
Undegraded M. laminosus RNA was obtained with the newly developed method. The yield was 82.68 µ g of purified RNA from 2 L of culture. There was no detectable DNA in the RNA preparation. The optical density (OD) 260/280 ratio of the purified RNA was over 1.7. The internal markers 16S and 23S rRNA gave clearly visible bands on agarose gels and were not degraded (Figure 3 ). These internal markers migrated the same as those of E. coli . Unsmeared bands of three transcripts of the nifH, Dand Kgenes were detected by Northern blots using a probe containing the nifH and nif D genes (Figure 4) , whereas other purification methods gave no distinct bands and only a degraded smear at the bottom of the gel (Figure 4 ).
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DISCUSSION
Isolation of undegraded cellular RNA is essential in the study of in vivo gene expression and is required for a variety of subsequent molecular biology applications such as Northern blotting, primer extension, RT, cDNA synthesis and RT-PCR. The major hurdle in obtaining purified intact RNA is the presence of abundant, stable, endogenous RNases, which may attack RNA upon cell lysis or evenbefore cells are lysed, resulting in extensive degradation and low RNA yields. Our data show the very high activity of RNases and the rapid degradation of RNA in thermophiles in response to a sudden stress, such as a temperature change. If M. laminosuswas handled at room temperature, the RNA was degraded, whereas if the culture went directly to -10°C from the thermophilic growth condition, full-length RNA was isolated. This means that when the thermophilic bacterial culture was removed from a high-temperature growth condition and dropped to room temperature for cell harvesting and lysate preparation, the M. laminosus cells sensed the temperature change as a stress. They responded to the sudden environmental change by rapidly degrading their existing RNA pool and probably by synthesis of new RNA to adapt to the new environment. Since thermophilic bacteria have RNases with a higher activity, the RNA degradation process is even faster (2) . To prevent such degradation, rapid and complete inactivation of RNases must occur upon cell lysis or before extensive RNA degradation takes place.
Based on the RNase activity and inhibition assays of M. laminosus , we used a fast-freeze method to cool the culture to under -10°C with very cold ethanol (-80°C) as soon as the culture was removed from the 45°C incubation condition. This dramatically reduced cellular activity and minimized the degradation of the RNA. Cell harvesting and French Press cell breakage were done at -20°C. PCI in conjunction with 30 mM VRC was used in the cell lysate to inhibit the RNase activity of M. laminosus . PCI extraction was used to remove proteins, and lithium chloride was used to differentially precipitate RNA. The high quality of the purified RNA was confirmed by agarose gel electrophoresis and Northern blot. An RT assay (X.-Z.J. Luo and S.E. Stevens, submitted elsewhere) showed that full-length mRNA of nifHDK genes was obtained.
